Weak chemisorption of ethylene has been shown to be an important characteristic in the use of metals for the separation of ethylene from ethane. Previously, density functional theory (DFT) has been used to predict the binding energies of various metals and alloys, with Ag having the lowest chemisorption energy amongst the metals and alloys studied. Here Au/Cu alloys are investigated by a combination of DFT calculations and experimental measurements. It is inferred from experiments that the binding energy between a Au/Cu alloy and ethylene is lower than to either of the pure metals, and DFT calculations confirm that this is the case when Au segregates to the particle surface. Implications of this work suggest that it may be possible to further tune the binding energy with ethylene by compositional and morphological control of films produced from Au-surface segregated alloys.
Introduction
The massive global production of ethylene and its widespread use in polymer materials warrants investigation of potential efficiency improvements [1] . Fractional distillation is currently widely used for separating ethylene from a cracked gas mixture. This process occurs under high pressure and low temperature, thus making it expensive and energy intensive [2] [3] [4] . It has been proposed that selective, permeable membranes could be used to separate ethylene from the cracked gas mixture at a far reduced energy cost [2, 3] . Polymer membrane designs have been proposed that utilize Ag(I) and Cu(I) complexation with olefins to enhance separation of gas mixtures; however, the metal ion-olefin complexes are unstable in air, which limits their use in industrial settings [5] . Embedding metallic nanoparticles with a precisely tuned binding energy to ethylene into the polymer membranes would offer improved stability and selectivity of ethylene over ethane compared to aqueous salt-based membranes [6] [7] [8] . Previous studies suggest that embedding Ag nanoparticles into a membrane improves selectivity due to the weak chemisorption of ethylene to Ag, although its binding energy is still too strong for viable industrial separations [7] . Alloys may provide a method to tune the binding energy, and thus be an alternative to Ag for ethylene separation. However, for several alloys that were previously investigated [9, 10] , the binding energies with ethylene were between the pure, end members of the alloys, and therefore were not suitable.
Here, the binding energy of ethylene to Au and Au/Cu alloys are studied. Density functional theory (DFT) is used to calculate the binding energies, of ethylene to Ag, Au, Cu, and Au/Cu alloys and the results suggest that a Au/Cu alloy can have a lower binding energy than either Au or Cu. The binding energies of ethylene to metal surfaces are correlated to the C_C vibrational frequency, ν(CC), which can be measured experimentally. Samples were prepared from the Au and Au/Cu alloys and experimental measurements were made of the surface-enhanced Raman spectra (SERS) at the surfaces of these alloys in the presence of ethylene. The DFT and experimental measurements show good agreement. Subsequent analysis is presented to explain why the binding energy of ethylene to the Au/Cu alloy is weaker than either to pure Au or Cu.
Experimental and computational procedures
The laser ablation of microparticle aerosol (LAMA) process was used to produce the metal nanoparticles (NPs) and alloy NPs used in these experiments. LAMA has the advantage that very fast cooling rates allow non-equilibrium alloys to be produced. For example, it has previously been shown that face-centered cubic Au/Cu alloys can be produced with a broad spectrum of compositions, and without bulk phase segregation predicted by the equilibrium phase diagram [11] . Details of the LAMA process are presented elsewhere [12, 13] , and thus only a summary is presented here. 
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As shown in Fig. 1a , microparticles of the desired composition (Ag, Au, or Au/Cu alloy particles) were aerosolized using a fluidized bed feeder and the aerosol flowed through an ablation chamber, Fig. 1b . A coaxial buffer gas that surrounded the aerosol was used to constrain the gas through the ablation cell. Helium at 1 atm was used for both the microparticle aerosol and the buffer gas. The microparticle powders used as feedstock for the LAMA process were 1.5-2.0 μm diameter Ag (P-311J, DuPont Inc., Wilmington, DE), 1.5-2.0 μm diameter Au (D100920-68, DuPont Inc., Wilmington, DE), and 44 μm diameter Au 0.35 /Cu 0.65 (35Au-65Cu-325MESH, Wesgo Metals, Hayward, CA). A KrF excimer laser (Lumonics Pulsemaster PM-848, Nepean, ON, Canada) with a pulse energy of 250 mJ, wavelength of 248 nm, and pulse-width of 12 ns was focused onto the aerosol to an area of 3 mm × 1.5 mm using cylindrical lenses, which resulted in a fluence on the microparticles of~2.8 J/cm 2 . Previous research has shown that the size distributions for metal NPs are bimodal with a width (standard deviation) from both modes that is 35% of the mean [14] . In a different study, Au/Cu NPs were shown to have a mean diameter of 8.5 ± 3.5 nm when ablated in a N 2 aerosol at 1 atm [11] ; the mean diameter decreased by 38% for NPs ablated in He aerosols, such as the samples produced for this study [14] .
A supersonic deposition process was used to impact the LAMAproduced NPs to produce films with nanoscale roughness [15] . The NP aerosol was first routed through a virtual impactor, shown schematically in Fig. 1c , to separate any unablated particles. The aerosol was then directed to a flat-plate nozzle with a diameter and plate-thickness of 250 μm. The substrates were placed on an x-y motorized stage inside the deposition chamber, which was pumped down to b 27 Pa using a mechanical vacuum pump backing a root blower that had a combined capacity of 5500 l/min. The pressure differential at the nozzle accelerated the NPs to a velocity of~600 m/s prior to impaction onto aluminum substrates [15] . The substrates were translated, as shown in Fig. 1d , using x-y stepper motors to pattern a film with x-y-z dimensions of 3 mm × 3 mm ×~100 μm.
The resulting films were used as SERS substrates in a custom-built gas chamber to measure the Raman spectra of ethylene gas on the metal NPs. A Raman microscope (Horiba LabRam HR, Kyoto, Japan) was used with a 633 nm laser at~2 mW laser power and a 20× super long working distance objective for the Au and Au/Cu samples. Another Raman microscope (WiTec Alpha300 R, Ulm, Germany) with a 488 nm laser at 2-10 mW and a 20× long working distance objective (Zeiss LD Plan-Neofluar 20x/0.4 Corr Ph2) was used for the Ag samples. For both instruments, the custom gas chamber was filled with 2 atm of 99.999% ethylene and Raman spectra were measured from the surfaces of the films. The peak locations in these spectra were related to the binding energies using the calculated correlations between the C_C vibrational frequency and the binding energies (discussed in more detail in the section that follows). For comparison with the LAMA-produced films, commercially available SERS substrates of Ag and Au were also obtained and tested (SERStrates, Silmeco, Copenhagen, Denmark).
For modeling, the energies were calculated with DFT as implemented in the Vienna ab initio simulation package [16] . The projectoraugmented wave framework was used to describe the core electrons [17, 18] and valence electrons were described by single-electron KohnSham wave functions [19, 20] . The generalized gradient approximation with the PBE functional was used to describe electronic correlation and exchange. The wave functions of the valence electrons were expanded in a plane-wave basis set up to a kinetic energy cutoff of 300 eV; increasing this cutoff to 350 resulting in changes of binding energy of only 0.005 eV. Spin-polarization was considered in all cases. Gaussian-type smearing with a width of 0.01 eV around the Fermi level was used to improve convergence. All systems were optimized to their ground-state geometry until the forces on each atom were less than 0.01 eV/Å.
Two geometries were considered, metallic NPs and slabs. Metallic NPs were modeled with 79-atom in a face-centered cubic (FCC) lattice and a truncated octahedral geometry with 8 Å of vacuum separating periodic images. Slabs were constructed with the lowest energy {111} surface planes. Four layers were used to describe all slabs except the alloy for which five were used. Lattice constants were determined from relaxation of bulk cells; the bottom two layers of the slabs were frozen in these bulk geometries. The slabs were separated by 20 Å of vacuum. The Brillouin zone was sampled at the Γ-point for the NPs and a 4 × 4 × 1 k-point mesh for the slabs. In the alloys, atoms were randomly assigned element types consistent with the overall composition.
Vibrational frequencies were calculated by diagonalization of the Hessian matrix, constructed by displacement of all atoms in the ethylene molecule by a finite-difference step size of 0.01 Å. Dispersion corrections were tested using the Tkatchenko-Scheffler method [21, 22] and were found to increase binding energies by~0.3 eV and decrease phonon frequencies by no more than 15 cm − 1 . The trends in binding energy and frequencies were not significantly impacted, thus dispersion corrections were not applied to the reported values. It is well documented that DFT calculations using generalized gradientapproximation (GGA) functionals tend to underestimate lattice constants and thus also underestimate vibrational mode frequencies [23] .
Results
Experimental Raman spectra for ethylene on Au 0.35 /Cu 0.65 , Au, and Ag are shown in Fig. 2 . Broad peaks are clearly observed that correspond to the ν(CC) mode, and the centroids of those peaks are at~1590 cm The breadth of the peaks in the Raman spectra shown in Fig. 2 was considerably broader than those measured previously [25] . It should be noted that the current measurements were made using ethylene gas whereas the previous measurements were made after condensing the ethylene onto the SERS films. Measurements made on commercial Ag SERS substrates (see Fig. 3 ) using ethylene gas also show considerably sharper peaks than those obtained on LAMA-produced films, indicating that some of the source of the broadening is related to characteristics of the LAMA film. However, the peak widths measured from commercial SERS substrates are still considerably broader than those obtained previously on metal films using condensed ethylene. As shown in Fig. 3 , increasing the laser power from~0.1 mW tõ 0.5 mW (corresponding to fluences of~880 and~4400 W/cm 2 , respectively) further broadened the peaks. Observations of the surfaces of the LAMA-produced films in a scanning electron microscope revealed that, although they were relatively rough at the nanoscale, regularly spaced gaps between the NPs were largely absent. It is well known that the gap spacing plays a critical role in peak enhancement in SERS [26] , so non-optomized gap sizes such as observed in the LAMA-produced films would be expected to significantly weaken and broaden the SERS spectra. Further weakening and broadening are expected in Au and Au/Cu alloys relative to Ag since previously it has been shown that peak intensities decrease going from Ag to Cu to Au [25] . For the current experiments, the advantages of LAMA in being able to produce quantities of non-quilibrium alloy NPs sufficient to produce thick films, outweighs their non-optomized performance as SERS substrates compared to commerical substrates.
DFT calculations of ethylene binding to pure Au, Cu, Ag and alloy Au/Cu systems were conducted in an effort to explain the observed Au/Cu alloy Raman spectra. Small,~1.0 nm (79-atom) NPs and infinite slab surfaces were considered, and it was found that size effects did not significantly affect the trends in binding energies and frequencies across compositions that are of most interest here. Different binding sites exhibited similar trends for 79-atom NPs and slabs, which is consistent with previous findings [7] . NPs with 79-atoms were therefore initially sampled for trends in binding energy over a range of binding sites and NP compositions. Fig. 4 shows the predicted binding energy versus C_C stretch frequency for different binding sites of Ag, Au, Cu, and Au/Cu alloy 79-atom NPs. A nearly linear correlation is apparent between the binding energy and the frequency with Ag{111} face sites having the weakest binding (highest v(CC) frequency), followed by the Ag edge (step), Au{111} face and the Cu edge sites. Cu{111} face sites are an outlier having similar binding energy to Au{111} sites, but much lower frequency than Ag edge (step) sites. These results are consistent with the predictions of a previous study that showed that ethylene binds strongly to edge sites and less strongly to {111} surfaces for all systems [7] . This linear correlation of C_C stretch frequency and ethylene binding energy holds for Au/Cu random alloy particles as well, with the binding energies and v(CC) frequencies lying within the range of the pure Au and Cu systems.
In our search for a plausible theoretical model for the measured ethylene on Au/Cu alloy Raman spectra, we identified a trend in binding energy for both pure metal NPs and alloyed Au/Cu NPs, but the predicted range of binding energies and frequencies of the Au 0.35 /Cu 0.65 random alloy NPs using this approach is between its end-member metal NPs, Au and Cu, which is not consistent with the experimentally determined Raman spectra. To understand the source of this inconsistency, it was necessary to consider likely scenarios for preferential ethylene binding and surface segregation. Ethylene binding to Cu sites on an alloy surface is stronger than binding to Au sites of equivalent alloys, and thus ethylene should preferentially bind to all available Cu sites before Au. For a Au 0.35 /Cu 0.65 random alloy, a majority of surface sites would be Cu, and since ethylene strongly binds to Cu, the average v(CC) stretching frequency would be lower than for ethylene adsorbed on a Au surface. . The spectra for ethylene on SERS Ag (red) and Au (green) NP films are also shown for reference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Raman spectra measured at two laser intensities for ethylene on commercially obtained Ag SERS substrates near the frequency of the C_C stretch. The peak breadth increases with laser power. The spectral intensities were scaled for ease of viewing.
The SERS Au/Cu film, though, had a measured v(CC) frequency much higher than that of the SERS Au film, 1590 and 1560 cm −1 , respectively. This suggests that the ethylene binding measured is ethylene bound to Au sites. These results can be explained by preferential segregation of Au atoms to the surfaces of the Au/Cu alloys, and indeed this is the expected behavior in the Au/Cu system [27] . To test whether segregation of Au to the surface is thermodynamically stable, we swapped the identity of a surface Cu to Au for a Au 0.35 /Cu 0.65 random alloy NP. The energy difference of the swapped NP and the original configuration was − 0.21 eV, indicating that it is thermodynamically favorable for Au to segregate to the surface. X-ray photon spectroscopy (XPS) performed on our Au/Cu film was consistent with this hypothesis. XPS conducted on the surface of the Au/Cu film showed the presence of only Au but sputtering to remove the surface revealed the presence of both Au and Cu.
Accordingly, we considered a model in which Au was segregated to the surface of the Au/Cu alloy particle. This model was the core@shell Cu@Au 79-atom NP shown in Fig. 5a . The binding energy of ethylene on a {111} facet is appreciably weaker for the alloy, 0.03 eV, than a pure Au or Ag metal NP, 0.32 and 0.09 eV, respectively, while binding to an edge site, 0.41 eV, is within the range for random alloy NP binding sites. The predicted C_C stretch frequency for ethylene bound to a Cu@ Au NP on the {111} facet and edge site are 1674 cm −1 and 1563 cm −1 , respectively.
Since the nanoparticles in the SERS film were larger than our model, and actually in the range of 2-8 nm, we repeated our calculations for the large-size limit: metal slabs. Specifically, we choose the lowest energy {111} surface, which is expected to dominate in the experiment. Fig. 6 shows the results for Ag, Au, and Cu slabs compared to a Au 0.35 /Cu 0.65 random alloy slab with a monolayer of gold on the surface (denoted as AuCu@Au) shown in Fig. 5b . The results are consistent with the NP calculations. The AuCu@Au slabs were found to weakly adsorb ethylene to the surface with a v(CC) stretching frequency of~30 cm −1 higher than an Ag{111} surface; a shift of 70 cm − 1 was calculated for the Cu@Au.
Discussion
In a previous theoretical report, adsorption energy to a core@shell NP was at the extremes of the alloy end-members [28] , and a related experimental report noted the segregation of a more noble metal to the surface of a NP increased the catalytic activity of the substrate [29] . In the Au/Cu alloy system studied here, we found that the binding energy of ethylene to the Cu@Au{111} facets is lower than either end-member. Experimental and theoretical evidence suggest that the nanoparticle film is Au-surface enriched. The calculated weaker binding energy on this surface corresponds to a higher ν(CC) frequency than on Ag by 30 cm −1 , pushing the predicted frequency above the measured Au/Cu SERS peak. The Au-surface segregated model therefore provides a plausible explanation for the experimental frequency shifts measured in SERS experiments of Au/Cu films.
Conclusions
Since weak chemisorption of ethylene is crucial to developing a facilitated transport, nanoparticle composite membrane, a promising Au/Cu alloy was studied using a combination of DFT modeling and SERS measurements. It was found that ethylene has a similar binding energy to Au 0.35 /Cu 0.65 and Ag surfaces, and a considerably lower binding energy than to Au or Cu and this was rationalized by showing that Au segregates to the surface of Au 0.35 /Cu 0.65 alloys. An optimal alloy for a nanoparticulate membrane for separations should have an even lower binding energy to ethylene than that measured here for Ag and the Au 0.35 /Cu 0.65 systems [6] . The current work suggests that, this may be possible via a thorough screening of compositions and surface structures of Au/Cu alloy nanoparticles.
